In Alzheimer disease (AD), tau filaments form neuronal inclusions in neurites (neuropil threads) and in somata (neurofibrillary tangles), and neurite tau pathology constitutes the most common pathology. Positron emission tomography (PET) ligands have been developed to detect in vivo tau pathology in AD. However, the association of AD tau pathology post mortem with in vivo tau PET retention has not been established. Therefore, there is a need to investigate the associations of tau PET with postmortem tau pathology in AD.
S everal tau positron emission tomography (PET) radiotracers have been recently developed for detection of tau pathology in Alzheimer disease (AD). 1 Further, the cortical neuropil thread tau pathology constitutes the majority (80% to 90%) of the total tau pathology, 12 and it remains unclear whether [
18 F]flortaucipir detects the total tau load in the brain or whether it mainly reflects intrasomal neurofibrillary tangles (NFTs). Therefore, we quantified the regional tau and β-amyloid (Aβ) pathology in a patient with early-onset AD caused by a mutation in the PSEN1 gene and correlated the intensity of the pathology with the retention of [ 18 F]flortaucipir in corresponding brain regions of the PET scan. In addition to the total tau burden, we also quantified both the number of neurites (neuropil threads) and the number of intrasomal tau tangles shown to be positive on phosphorylated tau (AT8) immunohistochemistry and Gallyas silver staining using a method based on modified unbiased stereology.
Methods

Study Participant
All procedures were reviewed and approved by the Regional Ethical Review Board of Lund and the regional radiation safety committee. Written informed consent was obtained from the patient prior to enrollment in the study. The clinical characteristics of the patient have been described in detail before. 6 In brief, the patient was diagnosed with early-onset AD caused by a PSEN1 mutation (Thr116Asn) and fulfilled the Diagnostic and Statistical Manual of Mental Disorders (Third Edition Revised)
13 criteria for dementia combined with the National
Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria for AD. 14 The postmortem neuropathological examination confirmed the AD diagnosis.
Magnetic Resonance Imaging and PET
Imaging procedures for this patient have been described in detail previously. 6 In brief, [ ]flutemetamol images were performed using PMOD software version 3.711 (PMOD Technologies). For correlational PET pathology analyses, the positions of the areas processed for neuropathological analysis were delineated manually on the magnetic resonance imaging (MRI) image during the neuropathological processing of the brain. The exact positions of the areas assessed for pathological tau and Aβ density could then be identified by comparing the coronal tissue sections with the coronal MRI slices, and the regions of interest (ROIs) on the MRI were placed accordingly. Region of interest volumes were small to accurately match the neuropathology (0.14-0.51 cm 3 ) but were extended into adjacent slices to create a more stable readout of the PET signal. A SUVR image from the second [ 18 There was no strong choroid plexus signal in this patient that could interfere with the interpretation of the hippocampal retention.
Neuropathology and Quantitative Assessment of Tau Pathology
The brain was fixed per immersion and perfusion in 4% formaldehyde solution, cut in bihemispheric coronal slices and small regional samples, subsequently embedded in paraffin and sectioned, and then stained. Neurodegenerative structural changes were assessed as to regional extent, localregional severity of neuronal degeneration and loss, NFT formation and plaque appearance, microvacuolization and reactive gliosis, and intensity and density of protein pathology with regard to tau and Aβ appearance. Tau pathology in the cortical compartment was generally severe, with abundant aggregates seen in all layers and numerous tau-positive neurites and tau-positive tangle-filled neurons in between.
Further analyses of tau pathology were performed on paraffin-embedded coronal sections, including the hippocampus, the inferior temporal gyrus (1 sample in the middle part and 1 in the posterior aspect of the gyrus), the temporal pole, the frontal pole, the orbitofrontal gyrus (1 sample in the medial part and 1 in the lateral), the anterior cingulum (1 in the inferior anterior part and 1 in the upper anterior part), the parasagittal parietal cortex, occipital cortex (calcarine sulcus), the putamen, the pons, and the cerebellum. To ensure accurate positioning of the brain regions sampled for neuropathology on the MRI and PET, the positions were indicated on the patient MRI using PMOD at the same time as the regions were being dissected. Immunohistochemistry for AT8 (AT8 antibody, 1:200 dilution; DAKO), Aβ (clone 4G8 antibody, 1:500 dilution; BioSite/BioLegend), and α-synuclein (LB509 antibody, 1:200 dilution; Invitrogen) were performed on 4-μm-thick tissue sections and Gallyas silver stain on 5-μm-thick tissue sections. To achieve antigen retrieval for immunohistochemistry, all sections were microwave pretreated in 10mM citrate buffer with a pH of 6.0 and a temperature of 100°C for 10 minutes. An automated immunostainer (Dako Autostainer Plus Staining System; DAKO) was used for the staining procedure using ChemMate Kit Peroxidase/3,3′-diaminobenzidine (DAKO). One section per region was analyzed for density of taupositive neurites and intrasomal tau aggregates with a modified unbiased stereology-based systematic random sampling approach 11 To assess the total tau or Aβ burden, high-resolution images (2400 × 1800 pixels) were obtained from representative cortical regions in the AT8-stained, Gallyas-stained, and 4G8-stained sections. Images were acquired at ×10 magnification with a BX53 microscope with an attached DP73 CCD camera (Olympus Corporation). Images were captured under standardized settings using CellSens Dimension software (Olympus Corporation) and were converted to 8-bit black-andwhite images using ImageJ software version 1.51s (https:// imagej.nih.gov). A threshold to eliminate background was determined using the cerebellar cortex (the threshold was set to include points of intensity less than 150 [scale, ). For Gallyas images, the threshold had to be set individually in each image since the background intensity of the silver stain varied; the threshold was set to eliminate the background and allow for only silver stain to be labeled. Images were then binarized using the threshold, and the percent area immunostained was determined using the Analyze Particle tool in ImageJ software.
Statistical Analysis
Correlations of PET SUVR values with the total tau burden (percentage of positive area) of tau pathology, with the density of tau-positive neurites, and with the density of intrasomal pathology were analyzed with nonparametric Spearman rank order correlation using Prism 7 (GraphPad). P values were 2-tailed, and P values less than .05 were considered statistically significant.
Results
Clinical Characteristics
The clinical characteristics of this patient have been published in detail previously. 6 In brief, the patient presented with a gradual onset of anterograde episodic memory loss, impaired attention, and perceptual-motor function at age 38 years. The patient was otherwise healthy. The Aβ1-42 level in cerebrospinal fluid and [ 18 F]flutemetamol imaging were both abnormal. The patient was diagnosed with early-onset AD, and a mutation was found in the PSEN1 gene (Thr116Asn). The disease progressed rapidly, but even late in the disease, he had preserved insight regarding his cognitive decline. He died of pneumonia at age 46 years. 
Neuropathology
The patient died 12 months after the follow-up [ 18 F]flortaucipir scan. The brain was examined neuropathologically, and the AD diagnosis was confirmed. Tau-positive neurites (neuropil threads) and intrasomal tau tangles were detected using both AT8 immunohistochemistry (Figure 2A-F) and Gallyas staining ( Figure 3A-C) . The highest density of tau pathology was found in the occipital cortex, where an intense labeling of tau-positive neurites and intrasomal tau tangles could be seen. Using AT8 immunohistochemistry (which is more sensitive to neuritic tau than Gallyas staining), the tau-positive neurites far outnumbered the intrasomal tau aggregates in all studied regions, and this was especially prominent in the occipital cortex. Parietal and inferior temporal cortices were also heavily affected by tau pathology, both in the form of neuritic and intrasomal tau. Even the frontal lobes were affected by tau pathology, but the density of pathology was less pronounced. Only scarce tau pathology could be detected in the pons outside of the locus coeruleus, and the cerebellar gray matter was not affected by tau pathology. 4G8 Immunohistochemistry revealed a substantial density of Aβ-containing plaques throughout the cortex, especially in the frontal lobe and anterior cingulate ( Figure 3G-I ), but LB509 immunohistochemistry revealed no α-synuclein pathology in any of the studied regions.
Correlation of [ 18 F]Flortaucipir Retention With Neuropathology
The density of tau-containing neurites was assessed in AT8-immunostained and Gallyas-stained sections using a stereologybased setup. The density was found to be highly correlated with [ 18 F]flortaucipir retention in the corresponding brain regions (AT8: r s =0.87;P < .001; Gallyas: r s = 0.92; P < .001) ( Figure 2G and Figure 3D ). Very similar results were obtained with an alternative approach where the total tau-staining density was determined from cortical images of the analyzed regions (AT8: r s = 0.86; P < .001; Gallyas: r s = 0.82; P < .001) ( Figure 2I and Figure 3F ) and using a final approach where the neuropathological grade was rated by 3 independent raters (r =0.85;P < .001) (eMethods and eFigure 1 in the Supplement).
To determine whether the PET retention correlated with the density of intrasomal tau tangles, the presence of these were assessed. Also, for intrasomal tau, we found correlations, albeit slightly less pronounced, with [ 18 F]flortaucipir retention (AT8: r s =0 . 65;P = .01; Gallyas: r s = 0.84; P < .001) ( Figure 2H and Figure 3E) . To control for possible artifacts caused by the small ROI size used in the flortaucipir PET scans, we created larger ROIs by expanding the volumes sampled to 1.5 to 4 centimeters cubed. This approach resulted in highly similar results (eFigure 2 in the Supplement).
Correlation of [
F]Flutemetamol Retention With Neuropathology
The density of Aβ staining showed a significant correlation with [ 
Discussion
In the present study, we demonstrate a direct correlation of tau pathology post mortem with region-matched [ 18 F]flortaucipir retention in vivo in a patient with severe early-onset AD caused by a mutation in the PSEN1 gene. We found that the regional signal obtained with PET was strongly correlated with both the total tau burden as well as the density of taupositive neurites (neuropil threads) in the brain, using both AT8 immunohistochemistry and Gallyas silver staining to assess tau pathology. In an autoradiography study, 8 it was suggested that flortaucipir (ie, AV1451) preferentially binds to NFT (intrasomal) tau and less to neuritic tau. The correlation with intrasomal tau tangles in this study was slightly weaker than the correlations with neuritic or total tau, indicating that the flortaucipir retention in vivo is closely related to the total tau burden in the brain and not solely to the intrasomal tau pathology. In another autoradiography experiment, 10 only a weak correlation (r 2 = 0.24) was found between flortaucipir binding and AT8 immunohistochemistry, in sharp contrast to the , and the overall density of AT8 tau immunohistochemistry (I). ac indicates anterior cingulum (dexter); cb, cerebellar gray matter; foa, fronto-orbital cortex (sinister), sample a; fob, fronto-orbital cortex (sinister), sample b; fp, frontal pole (sinister); hip, hippocampus (sinister); iac, inferior anterior cingulum (dexter); itm, inferior temporal (sinister), midway along an anteroposterior axis; itp, inferior temporal (sinister), posterior aspect; occ, occipital cortex (sinister; calcarine fissure); po, pons; pp, parasagittal parietal cortex (dexter); put, putamen (sinister); tp, temporal pole (sinister). The blue line indicates linear regressions.
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results presented here, possibly indicating that autoradiography ex vivo does not capture the whole span of tau pathology. The neuritic tau pathology (neuropil threads) has been suggested to constitute 80% to 90% of the total tau pathology, 12 and if that pathology is not reflected using autoradiography, a major component of the pathology will be lost. The presence of NFTs in the cortex of patients with AD correlates with disease duration and disease severity, 18 but neuritic tau pathology seems to precede NFT pathology 19 ; the cell loss in AD has been shown to exceed the NFT pathology, 20 indicating that other pathologies than NFTs are also detrimental to neuronal function and survival in AD, eg, neuritic tau pathology, Aβ burden, and astrocytic gliosis. With the advent of tau PET, it has become clear that the spread of tau pathology (as visualized with flortaucipir PET) overall seems to follow the pattern suggested by the Braak staging, 21 even though the early deposition of tau pathology might occur in more widespread areas of the cerebral cortex than was initially suggested by the Braak stages. 22 The Braak staging provides an assessment of tau pathology along an ordinal scale, where different predefined brain regions that represent the different Braak stages (stages I-VI) are determined , and the overall density of tau positivity using the Gallyas silver stain (F) . Panels G-I depict 4G8 immunohistochemistry to detect Aβ in the anterior cingular cortex (G), the occipital cortex (H), and the cerebellar cortex (I), all at ×20 magnification. 
Limitations
This study had limitations. One limitation of this study is that the study is based on just a single patient, and results should be interpreted with this in mind. Moreover, the distribution pattern of pathology is different in this PSEN1 mutation carrier compared with patients with late-onset AD, with more tau pathology being present in the occipital and posterior cortices of the participant in this study. Even so, we do not believe that this should affect the correlation between tau PET and tau pathology or the main conclusion of the study. Another limitation is the delay between last [ 18 F]flortaucipir PET scan and postmortem analysis. The rapid progression of the tau pathology and the interval between the follow-up scan and the postmortem analysis may in part be an explanation of some of the mismatch seen in the correlations in Figure 2 and Figure 3 . Correlating PET data with neuropathological data is challenging because of the difference in resolution between the different methods used. Neuropathology gives high-resolution and detailed data in small and often relatively few areas, whereas PET imaging gives easily quantifiable data from the whole brain but with a relatively low resolution. We have tried to address these differences by (1) sampling in multiple cortical regions, (2) using an exact matching of the areas sampled for neuropathology and PET, and (3) using both smaller ROIs that are more exactly located compared with the stained postmortem tissue and larger ROIs that are less affected by local variations in the PET retention.
Conclusions
To conclude, we found that there are strong correlations between in vivo [ 
